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Abstract 
The present work is devoted to study the influence of high cycle fatigue damage rate at R = 0.1, on the mechanical properties of 
aluminum alloy 2024-T3 which is largely used in aircraft industry. The study consists of an experimental investigation in the 
evolution of the static properties such as the modulus of elasticity, yield and ultimate stress, lengthening, micro-hardness, 
electrical resistivity and microstructural investigation in Scanning Electronic Microscopy. Our work is to locate the effect of 
different rate of residual fatigue damage on evolution of the characteristics above compared with the virgin state “without 
damage”. The results obtained show that, under the present experimental conditions, the mechanical properties are not very 
sensitive to fatigue damage. However, the degree of hardening and the electrical resistivity increase with increasing number of 
fatigue cycles, this increase of the hardness parameters and electrical resistivity could be attributed to microcracks evolution 
during high cycle fatigue, which are revealed by SEM observations. The observed results provide a basis for developing concepts 
to early detect and also monitor fatigue damage accumulation in aluminum aircraft structures based on measurements of the 
material’s hardness changes. 
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1. Introduction 
During their life, the materials can undergo a progressive damage under the effect of the mechanical, thermal or 
chemical requests to which they are subjected. In certain cases, this damage is relatively total and can be described 
within the framework of the continuum mechanics. When we take it into account in the law of behavior of a material 
it will allow us to take into account a certain number of physical phenomena such as the rupture, the appearance of 
instabilities (constrictions, shearing bands, etc) particularly important to optimize the resistance of material in 
service and its lifespan, or to optimize the parameters of working and to make reliable the manufacturing processes. 
In general, this fatigue damage is not accompanied by any apparent modification in the form or in the aspect of the 
machine elements. 
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Nomenclature 
 
E Young’s modulus 
D Fatigue damage 
ıu Ultimate resistance 
Nr Number of cycles in fatigue loading 
 
This is why, although fatigue is progressive, the rupture appears brutally when the constraint in the remaining 
finished cross-section exceeds the breaking stress. In order to understand the damage and prédict the lifespan of a 
part made up of a metal or a metal alloy under conditions of cyclic request, it thus appears essential to know the 
microstructural mechanisms of the cyclic plastic deformation. Recently, an important progress was realized in the 
comprehension of the fatigue damage mechanisms, this progress is primarily due to the implementation of 
techniques of tests and observations adapted to the study of microstructural plasticity: fatigue test with imposed 
amplitude or imposed plastic deformation speed and observation by various techniques of microscopy as well 
optical as electronic. Fatigue life of a material can be divided into a number of subsequent fatigue damage phases, 
characterized by cyclic slip, crack nucleation, micro-crack growth and macro-crack growth up to the final material 
failure [1, 2].  
Yet, although considerable progress has been made in understanding the mechanisms of fatigue failure, an 
accurate fatigue failure prediction is difficult because of the different physical processes which prevail to the gradual 
fatigue damage accumulation during the fatigue life of a metallic component [3]. The fatigue behavior of 
engineering alloys, including cyclic hardening/softening properties, cyclic stress–strain, S/N and e/N curves, etc., 
have been widely investigated. However, only relatively few studies have been focused on the behavior and changes 
in the static mechanical properties of such materials during cyclic loading and the vast majority of such studies have 
been conducted under low cycle fatigue (LCF) conditions [4]. 2024-T3 aluminium alloy is widely used in 
aeronautical applications due to the high strength associated with low density and good fracture toughness. Although 
it’s large use in aircraft structural parts and the plenty of literature data available about its mechanical properties, the 
effect of residual fatigue damge on mechanical properties has not been deeply investigated. Classically, levels of 
damage can be ascertained from reductions in the elastic modulus for the material as a function of the applied strain 
[5]. Accurate determination of the elastic modulus requires careful alignment of the sample and a sophisticated 
analysis of unloading and reloading curves. This is usually complicated by a non-linear unloading and reloading 
behaviour which occurs due to the complex internal stresses in the material. The primary objective of our work is to 
study the continuous damage of 2024-T3 alloy, by evaluating the various parameters (traction, microhardness, 
electrical resistivity) in each rate of damage. In another term, the evolution of fatigue damage through the transition 
from scales. This study will require a great interest of the coupling of the damage with the various behaviors (elastic, 
plastic) particularly in the level of the relation of localization. 
2. Experimental procedure 
2.1. Material and specimens 
The investigations of this study were conducted in 2024-T3 aluminum alloy with a thickness of 03 mm, one of 
the important used materials in the aeronautical industry, it was provided by Algerian Airlines. The mechanical 
properties and the chemical composition of the material are shown in Tables 1 and 2, respectively. The fatigue 
testing specimens used in the present study were machined in the long transverse (LT) direction, as shown in figure. 
1. The grinding was always performed parallel to the longitudinal direction of the specimens. 
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Table 1. Mechanical properties 
Material E (GPa) ımax (MPa) ı0.2 (MPa) Lengthening (%) 
2024 73 436 270 15.5 
 
Table 2. Chemical compositions (mass %) 
Material Cu Mg Mn Fe Si Al 
2024 4.2 1.4 0.5 0.2 0.3 Bal. 
 
Axial fatigue tests were conducted on flat dog-bone specimens. Just after the machining of the specimens, we 
anticipate the fatigue tests by measurement of their surface hardnesses in the three directions, the results of this 
characterization is given in the following table. 
Table 3. Average hardness of the three directions (Hv) 
Direction L L-T S-T 
Hardness 140 143 156 
 
  
Fig. 1. Fatigue test specimen: (a) dimensional details (dimensions in mm) and (b) specimen position related to the original plate. 
Prior to testing, all specimens of the aluminium alloy have been heat treated in order to ensure almost the same 
mechanical and “metallurgical” initial state. The applied thermal cycle is composed of a heating until 520 °C 
followed by a holding time of 1 hour at this temperature and; finally, a slow cooling until the room temperature. 
Again, the fracture surface of 2024 alloy in tensile test, have been carried out by SEM (figure. 2), we have a facetted 
appearance of ductile rupture in (a) and a little frangile one in (b). 
2.2.  Cractérisation in fatigue 
These tests were done under a constant amplitude sinusoidal wave loading between 360 and 400 MPa 
(oligocyclic fatigue). The tests were carried out using MTS servo-hydraulic machine, interfaced to a computer for 
machine control and data acquisition. All tests were done at a frequency of 20Hz in air under room temperature that 
ranged from 20ƕC to 25ƕC with a relative humidity from 50% to 60%. The first results of these tests are given in 
Tale 4, we retains only the average of all the tests. They are given by number of cycles until rupture. 
After having seen the fatigue lifespan of the two alloys in the initial state. We try to investigate the evolution of 
these lifespan when we make changes in the microstructure of the material. Furthermore, we will study the effect of 
the heat treatment parameters, such maintaining time and maintaining temperature on the evolution of lifespan.  
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Fig. 2. Micrographs obtained by a scanning electronic microscopy (SEM) showing different zone of rupture. 
Table 4. Fatigue lifespan 
Material Number of cycles (Nr) 
2024 262000 
 
2.3. Evolution of fatigue damage 
To quantify the fatigue damage evolution, the bibliographical study showed that it is commonly allowed to take 
the Palmgreen-Miner model. Therefore, we agree that this evolution follows that one found on the evolution of 
lifespan. The final lifespan found previouslyof 262000 cycles, corresponds then to the rate of fatigue damage of D=1 
(fatigue damage rate is 100%), in this paper we agree to say that: The virgin state correspond to 0% of fatigue 
damage and we affect a fatigue damage of 100% to the rupture of a specimen.  Once the damage cumulated on each 
test-tube, the various experimental tests were carried out to determine its impact on the various mechanical 
properties. The tests carried out and the mechanical properties considered according to the availability of the 
material are the following: Tensile tests, hardness and electrical resistivity. 
In the present work, we have envisaged to carry out eight rates of damage (5, 10, 20, 30, 40, 60, 80 and 100% 
damage). Table 5 summarizes the number of cycles carried out for each batch of five specimens. As soon as the 
wanted number is reached, the test is stopped. 
Table 5. Fatigue damage rates 
Number of cycles (Nr) 13100 26200 52400 78600 104800 131000 157200 196500 262000 
Fatigue damage rate  05 10 20 30 40 50 60 75 100 
 
To determine the effect of fatigue damage on the static properties of traction of material we will follow the 
evolution of those compared to the virgin state. Observations in scan electronic microscopy will be led, for various 
rates of damages; these observations will be carried out on the fracture topographies of the specimens broken during 
the tests monotonous traction after damage. 
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3. Results and discussion 
Tests of characterization were carried out on specimens with various rates of fatigue damages shown in table 5, 
(D=0 to D=0.75). 
3.1. Stress-strain curves 
The curves of stress-strain obtained for the various rates of damage are represented in figure 3. These curves 
enabled us to obtain the usual mechanical characteristics; we observe an insignificant influence of fatigue damage 
on mechanical characteristics. 
 
Fig.3. Stress-strain curves for various rates of fatigue damage. 
The figure 4.a shows the evolution of Young’s modulus (E) according to fatigue damage. We notice that this 
modulus reaches its saturation dices the first cycles. Further than D=0.5, we observe an insignificant decrease of its 
value. 
The figure 4.b shows the evolution of the elastic limit according to the fatigue damage. We notice that, its 
variation according to the fatigue damage is not important until a value of D=0.3, beyond this value, we observe an 
insignificant decrease of the elastic limit. 
The figure 4.c shows the evolution of the ultimate resistance according to fatigue damage. We notice that the 
ultimate resistance increases just a little for a damage of D=0.05 and reaches its value of saturation. Then, we 
observe a low decrease of Ĳu with the increase of the damage. 
The figure 4.d shows that the total elongation is not affected by the fatigue damage. According to the previous 
observations in the strength properties, our material, don’t exhibits a significant variation with the fatigue damage. 
The figure 5 is for a fatigue damage rate of 75%, we find a smooth appearance of the sheared surfaces. This 
proves that it is a brittle fracture in these areas. 
The figure 5 shows that the fracture surface of the specimen has a less ductile rupture than the virgin state. We 
can explain this difference by decreasing the ductility of the material during cyclic loading [6], which have induced 
an increase in hardness. To verify these findings, a study of the microhardness is made for different levels of fatigue 
damage in the next section. 
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Fig. 4. Evolution of mechanical characteristics according to the fatigue damage  
 
 
Fig. 5. Fracture surface of damaged specimen 
3.2. Results of hardness 
The Vickers hardness tests were conducted along the working section of specimens and for different rates of 
fatigue damage. This part is primarily concerned with experimental results found along the same specimen, to 
determine the variation of hardness along the active part of the same specimen. 
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Then, determine this variation according to the evolution of the rate of fatigue damage. Each specimen was 
divided into different points, where the distance between two successive measurement points is 5 mm, as shown in 
figure 6 
The results are shown in figure 7 and figure 8. 
The figure 7 shows that the hardness increased toward the center of the specimen (zone 0). Then, it decreases 
with distance from the middle until it returns to its minimum value (initial value found in the virgin state). This 
variation is due to the distribution of stress yield in different areas. This phenomenon is governed by the increase of 
the dislocations [7], in the various zones, which leads simultaneously an increase of the resistance and the hardness 
of the material. These hardening results from the multiplication of dislocations and the increasing in their density 
that fails to cross the precipitates (Al2Cu, Al2CuMg ...).  
 
Fig. 6 : The different point of measurement 
 
Fig. 7 : Evolution of the hardness along the specimen 
The hardness values found in areas (-50, -45, 45 and 50) are a little high because it is due to the influence of jaw 
attachment that has deformed specimens in these areas. 
A. May et al. / Procedia Engineering 10 (2011) 798–806 805
The multiplication of dislocations and their movements occur near the surface of the material, more favorably in 
the grains oriented along the slip planes or in the direction of maximum shear. The interactions of dislocations with 
point defects oppose their movement; these interactions can be considered as the main reason for the increase in 
hardness in the phase of cyclic loading [50]. The hardening of grains and the microhardness increase at the same 
time as the number of cycles of the fatigue damage. 
 
 
Fig. 8 : Evolution of the hardness according to the fatigue damage evolution 
Figure 9 and figure 10 show much higher density of microcracks in the surface of the material analyzed, 
specifically in the lower section where the stress is at the maximum. 
 
 Figure 9: SEM micrograph of the lower section of a specimen in virgin state (D = 0) 
The figure 9 shows the longest microcrack detected in the analysis section (4.37ȝm). 
In the virgin state (D = 0), the density of microcracks (microcavities) is very low (figure 9). But, in figure 10 (D 
= 0.6), there is an increase of this density, while observing microcracks of different lengths (greater than those 
existing at D = 0) and with greater density. 
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Figure 10: SEM micrograph of the lower section of a specimen with damage (D = 0.6) 
We conclude that, in microstructural point of view, the fatigue damage at high cycle (HCF) is associated to the 
development of fatigue cracks, which their number increases as the damage (D) is cumulative [50]. In our case, the 
microcracks that originate, have sizes of 20-98 m, and are a lot for fatigue damage of D = 0.6 
4. Conclusion 
In this part we have been able to show the evolution of physical properties of the material studied (2024) 
according to the fatigue damage evolution. Some parameters did not show large variations in damage, such as static 
parameters of traction, while the variation of hardness was quite remarkable. 
The SEM observations reveal the transition from a ductile fracture with cupules for the virgin specimens (without 
damage), to a mixed fracture ductile- fragile with smooth area, which corresponds to a shear, and wells for damaged 
specimens. 
The material hardens on the surface during the increase in fatigue damage (increase in hardness with increased 
damage). 
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